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ABSTRACT

Samples of crown glas~~)fused silica, Perspex and Irtran

1 were irradiated with O.2-~8”~1ration pulses from a CO2 laser, at

energy densities of between 10 and 800 kJ/m2. The damage induced

was thermal in origin and was controlled more by the absorption depth

in the material than by thermal diffusion. The major damage

mechanisms were cracking and flaking in the case of crown glass, and

vaporisation in the cases of fused silica and Perspex. Irtran 1 was

the most difficult to damage because of its comparatively large

absorption depth. Impulse production was studied, and was explained

by simple models involving vaporisation and the excitation of laser—

supported detonation waves.~
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INTERACTION OF PULSED C02-LASER RADIATION

WITH NON-METALS

• 1. INTRODUCTION

There is a considerable body of literature dealing with the
- 

I effects on materials of pulsed C0
2—laser radiation at 10.6— pm wave-length. Much of this work has been concerned with studies of the

plasmas produced near metal surfaces by pulses with durations in the
microsecond region. However, studies of the interaction of pulses
with durations in the submicrosecond region with metals’’2 and non—
metals3’4 have not been as extensive . The purpose of this paper is
to extend the understanding of the damage mechanisms involved when
non—metals are irradiated by submicrosecond pulses . Although the
materials studied (crown glass , fused silica , Perspex and Irtran 1)
are all strong absorbers of 10.6— pm radiation , their absorption depths
are somewhat larger than the thermal diffusion depth corresponding to
a submic rosecond pulse d ,0This repr esents a si tuation di f fe ren t  f r om
that usually discussed~~’’ in which the deposition of energy within the
material is assumed to be controlled by thermal diffusion rather than
by absorpt ion.

2. EXPERIMENTAL DETAILS

The basic experimental arrangement is shown in Fig. 1.
The laser used in this work utilised pulsed electron—beam preionisa tion
derived from two cold—cathode electron guns , but for most of the work
only one electron gun was used . When operated in this manner , the
laser gave an output pulse which consisted of an initial spike about
0.2 ps wide at half height, followed by a much smaller peak with a 2—us tail.
Although higher energies could be achieved by the use of both guns, the

• resulting pulse shape was erratic and only a small amount of work was done
under these conditions . Pulse waveforms were monitored by a photon—drag
detector and displayed on an oscilloscope . Energies were measured by a
disc calorimeter with a readout unit that compensated for the thermal time—
constant of the calorimeter. The focusing lens had a focal length of 370 mm and
the energy density on the sample could be varied between 10 kJ/rn’ (1 J/cm2)

• • and 800 kJ/m2 by varying the lens—to—sample distance . In addition , small
changes to the energy were made by inserting polyethylene films in the
unfocused beam . The irradiated areas , which could be varied from
30 mn”~ to 400 nun

2, were determined from the burn patterns produced in
Perspex. Variations of irradiation within the irradiated area were
neglected and thus the energy densities quoted are average values .

• • ~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ • ~~•-~~~~~~::.
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The samples were in the form of small discs and were mounted so that
the angle of incidence could be varied, although most of the results
rep orted here were obtained at norma l incidence . Table 1 gives
de tails of the sample materials used in these experiments .

TABLE 1

SAMPLE MATERIALS

MATERIAL DESCRIPTION

Crown glass Chance, hard crown, Type 519604

Perspex Commercial poly (methyl methacrylate)

Fused silica Optical grade

Irtran 1 Kodak sintered magnesium fluoride

The temporal behaviour of the sample surface was observed in
several different ways:

(a) Photographs were taken at 64 and at 400 frames per
second in the case of crown glass, and at 64 frames
per second in the case of Irtran 1.

(b) For both glass and Perspex samples, the beam from a
He—Ne laser (see Fig. 1) was directed through the
area of the sample to be irradiated . This probe—
laser beam then passed through a pin—hole and was
incident adjacent to another pin—hole at the entrance
to a photomultiplier as shown in Fig. 1. Thus,
scattering of the probe—laser beam caused by damage

— to the sample surface could be detected by the
photomultiplier . The photomultiplier signal was

-• displayed on an oscilloscope and a chart recorder .

(c) The photon—drag detector was used to measure the
• • specular reflection at 10.6—pin wavelength from a

glass sample, for an angle of incidence of 450w
V The incident waveform was monitored by a pyroelectric

detector in place of the photon—drag detector In
Pig. 1. •

A ballistic pendulum was used to measure the impulse imparted to
the crown glass, fused silica and Perspex samples .

.— L
- - -b. -w —
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3. RESULTS

3.1 CROWN GLASS

The morphology of the damaged surfaces was examined by
an optical microscope and a scanning electron microscope (SEM).
Many different phenomena were observed in the glass itself and in the
plasma resulting from the interaction of the beam with the sample.
Some of these effects are listed In Table 2 together with approximate
thresholds for their occurrence.

TABLE 2

DAMAGE EFFECTS IN CROWN GLASS

EFFECT THRESHOLD
(kJ /m 2)

Perpendicular crack formation 5

Flake formation 10

Vaporisation and impulse production 20

Uniform “orange—peel” 40

Fringe patterns 60

Disappearance of “orange-peel” 100

Peak impulse and laser—supported detonation— 250
wave formation

• 3 .1.1 Cracking and Flaking

Micrographs of the damaged samples showed that at energy
densities around 5 kJ/m 2, localised cracking perpendicular to the
surface occurred . The cracks usually had multiple branches although
long straight cracks were occasionally observed . Above 10 kJ/m 2,
flakes formed due to cracking both perpendicular and parallel to the

• surface . The partial detachment of the flakes from the substrate was
apparen t in the SEM micrographs (Fig. 2a, b). (This detachment could
also be inferred from the presence of circular interference fringes
when the samples were viewed in reflected light under the optical
microscope). There did not appear to be any intermediate stage where
extens ive perpendicular cracking only took place. Just above threshold
the flakes were regular In shape , often approximately rectangular
(see Fig. 2b). but further above threshold the flakes were irregular .

9rwn~ • ~~~~~~~
—— -,

~~~~~~ • • . •



The flake thicknesses were measured from the SEM micrographs
of flakes that had curled sufficiently to give a clear view of the
edge (e.g. Fig. 2a). The thickness obtained was 5 ± 2 pm , with little
apparent variation with incident energy density. Thicknesses were
also measured using the optical microscope by the standard method of
focusing on the surface , then on the flake—substrate junction and

• correctIr~g for refractive index. The thickness obtained by this
method was 7.5 ± 2.5 pm. The e was a large variation in the size of
the flakes formed , but the majority were in the range from 40 pm to
300 urn across . The average f lake area was approximately 0.01 mis2

• I but areas did differ by an order of magnitude either way .

The photographic observations of the irradiated surface
• showed that cracking and flaking proceeded in two main stages that

were distinguished by their ti me dependence . Initially, a fast stage
was apparent where a relatively small number of lung cracks divided the
irradiated area into independent regions . This was followed by a slow
stage in which these regions either broke into flakes or were criss-
crossed b another set of cracks before flaking occurred. (Fig. 3a
is an optical micrograph showing two long cracks and some of the flakes
in three independen t reg ions). The initial cracks took less than
2.5 ins to form and a typical region took approximately 30 ins to break
up into flakes . However , some reg ions did not commence breaking up
until 100 ins after the laser pulse . The regions that broke up first
formed flakes that were larger than those from the regions that broke
up l a t e r .  Figure 4 is a series of 6 frames , taken 15 ms apart ,
i l l u s t r a t i n g  the cracking and flaking processes .

An analysis of the cracking and f lak ing processes is pres en ted
in Appendix 1. In this analys is , absorption rather than thermal
diffus ion6’7 is assumed to con trol the dep th at which energy is deposited
in the material. This a3sumption is made since , in this mater ia l , the
absorpt ion depth (~ 1 pin)8 is larger than the thermal diffusion depth
(
~ 0.6 urn) corresponding to a 0.2—ps pulse . The energy density

• requi red to so f t en  the glass  su r face  is calculated to be about  2 . 2  kJ /m 2
and it is estimated that on cooling the tensile stress developed would
exceed the tensile strength of the glass . In view of the assumptions
made in the analysis , the ab ove energy dens ity is in rea~ on able agreemen t

1 wi th the observed thresheld for cracking of about S kJ/m .

A comparison of the relat ive speeds at which cracking and
f l ak ing  are expected to occur can be obtained from the  calculat ions
in Appendix 1 of the e las t ic  energy released per unit surface aren in
each case . The results show that , in the case of cracking , the energy

I released greatly exceeds the value of 10 J/m2 which is required6 for
rap id crack propagation ; whereas in the case of f l a k i n g  the energy
released is considerably less than this value . Thus c racking
perpendicular to the surface would be expected to proceed at a much
faster rate than would flaking. The photographic observations are in
general agreement with these predictions in that cracking occurred at
speeds greater thin those that could be resolved ~y the camera (10 m/s)

• and was then followed by flaking at a much slower speed.

— 
~~~~~~~ ~~~ __________ —
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3.1.2 Vaporisation

At energy densities around 20 kJ/m2 vaporisation of the
glass surface commenced , imparting an impulse to the sample and forming
a bright plasma above the surface. Small undulations in the sample
surface , giving it an “orange—peel” appearance, were evident in both the
SEM and optical micrographs. (Fig. 3(a) is an optical micrograph
i l lustrat ing the “orange—peel ” overlaying the cracking and f laking) .
At energy densities of about 40 k.J/m2 the “orange—peel ” is fa i r ly  un i fo rm
over nearly all of the damaged region but at energy densities of about
60 kJ/m 2 small regions lose their “orange—peel” appearance. These
regions often exhibit fringe patterns (see Fig. 3) which are circular for
normal incidence and elliptical for other angles of incidence . The
patterns are probably the result of interference between the incident
radiation and radiation scattered from a point source. Walters9 has
observed similar patterns on acrylic plastic and silica and postulates
that the scattering sites act as initiation points for laser—supported
detonaticn (LSD) waves which in turn result in shielding of part of the
surface . At about 100 kJ /m 2 the “orange—peel” has almost disappeared .

As only a small amount of material was vaporised from the
surface by each pulse , the depth removed by a series of 50 pulses was
measured by means of the optical microscope and the average amount
removed per pulse was calculated . The results are shown in Fig. 5(a)
as a function of energy density. The analysis of vaporisation presented
in Appendix 2 shows that agreement with the observed threshold (estimated
from Fig. 5(b)) is obtained if material parameters app’opriate to fused
silica are assumed . However , the amount of material removed at energy
densities above threshold could not be predicted accurately.

A He—Ne laser (Fig. 1) was used to investigate the time
development of the surface damage , particularly at times shorter than
could be resolved by the camera. The scattering f ro m the sample
surface developed in two stages: a fast stage and a slow stage . The
fast stage presumably corresponded to scattering from the irregular
surface lef t after vaporisation; this type of scattering could be
clearly detected 100 ps after the laser pulse . S c a t t e r i n g  at ear lie r
times was ebscured by the tail of the pulse from the plasma flash. The
slow stage presumably corresponded to scattering from th e f lakes and th is
took between 0 . 2  s and 0.8 s to reach i ts  f u l l  amp l i t u d e . These results
are thus in general agreement with the photographic observations reported
above.

3.1.3 Impulse

The specific impulse (impulse per unit incident energy) versus
energy density Ia shown in Fi g. 5 ( b ) .  Below 250 kJ/m 2 only one e lec t ron
gun was used to excite the laser , whereas above 250 kJ/m2 both elec tron
guns were used . Because of the var iable  laser—beam pulse waveform the
measurements are less reliable in this region. The specific impulse
increases as the energy density increases up to 150 kJ/m 2, remains
essentially constant until 250 kJ/m 2 and decreases thereafter.

-
- •~~~~i~ ” T T-•~ ~~ -:~~~~
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• The analysis of impulse production given in Appendix 2 is based
on that of Schriempf 10. Once again , assuming that the material
paranleters11 of fused silica are appropriate in this case, reas onable
theoretical agreement with the shape of the specific impulse curve is
obtained. However, the maximum impulse observed was somewhat less than
that calculated.

3.1.1 Reflectance

Measurement of the specular reflectance from the samp le , in

• 
the energy density range 20—200 kJ/m2, indicated four main features :

(a) The reflected pulse ampli tude became smaller as the
energy density increased (see Fig. 6).

(b) The ref lected pulse width  became smaller as the
• energy dens ity increased .

(c) As the energy dens ity increased , the peak of the
reflected pulse occurred earlier than the peak of the
01( c0.t pulse.

(d) When two successive pulses were inc ident  on tbo  same
area of the sample, it was found that, above a pulse
energy of about 100 kJ/m2, the specular reflectance
was the same for  each pulse. However , below
100 kJ/m 2 the specular  ref lectance for  the second
pulse was somewhat less than that fo r  th~ f i r s t
pulse (see Fig . 6 ) .

It is expected that specular reflectance will be dctermine~
by the absorp tion and scattering of the incident and rofieoted beams
in the plasma above the target surface , by the absorptic : at t~~o t a r g e t
sur face  and b y any addit ional  sca t t e r ing  in t roduced by the :tana :~e t o  the

• t a rge t  su r face .  The observat ions are consistent with the interpretation —

t h — i t  close to the vaporisat ion threshold the p lasma above the t a rge t  is
transparent to 1O.6—~n radiation and the reflectance is mai nly determined
by the st -~te cf the target su~~ ace . At hi gher  en e r p - d e n s i t i e s  the p 1asm.~

- 

• becomes more absorbing and the later part of the pulse i s  r~hsorbed  in the
plasma .

3 . 2  FUSED SILICA

The fused silica samples were subjected , ~it normal in~~idence , to

pul~’~ :- with orier ~;-; densi tie s between 45 k i / rn 2 and tSO k iJ ; ~; 7- mostl y with
a beam area of ~() nun 2 . l ap u l  se measuremento were made and the morphoio~zv
of the d a r ue d  s u r fi c o s  was examined b y opt ica l  mic rosoopy.

3. .1 
_____

No c r a c k i n g  or ~lak ing wao observed wi th the fu :~od si l ica  samples ,
in cio Lr contrast to crown ~ias~:. From the an dvsis In Appendix 1 together
ft the da ta from Shand -’3, it is clear that the tensile stto~~• on cooling

does not exceed the tensile strength of the material .

1

_ _ _  ~~~~~ - • •~~~~~~~•~~~~~~~-
- - ~~~- --

-
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-
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3.2.2 Vaporisation

Vaporisation commenced at an energy density of about 60 kJ/m 2

impar t ing  an i m p ul s e  to the sample and forming a plasma above the
surface . At energy densities just above this threshold the surface
had a roug h appear ance when viewed by transmitted light under an op tical
microscope . At energy densi t ies  of about 120 kJ/m 2 f r inge  pa t te rns ,
similar to those discussed in section 3.1.2, were observed and the
number of fringe patterns increased with Increasing energy density .
At energy densities of about 300 kJ/m 2 , the surface was almost en t i re ly
covered b y a series of overlapping f r inge  pa t t e rns  o f t en  cen t red  on
are~.s that had apparently been partly shielded from the beam . Fig. 7(a)
is an optic~iii micrograph of a sur face  a f t e r  exposure to an energy densi ty
1~i 450 kJ/r •o ’ . The ind iv idua l  f r inge  pa t t e rns  are no longer d i s t i ngu i shab le
bu t  the uneven su r f ace  due to the f r inges  and the par t ia l  shielding is
apparent . After the same area was i r radia ted  b y several pulses the
sur face  app eared t .~ have a ~reatcr roughness .  This can be seen in
FIg. 7(b) which is an optical micrograph of a surface after exposure to
f ive  pulses , each g iv ing  an average energy dens i ty  of 450 kJ/m L .

The approximate depth of material  removed f ro m each of a se t of
samp les was ~e~~oured by means of the opt ical  r~icroo~ npe . The results
are shown in Fi g. 8(a)  as a f u n c t i o n  ci ene~~~: d e n s i t y .  These r e su l t s
are cons is tent  wi th  Chang ’ s ’’ data  on the la tent  hea t  of v;~p o r t s a t ~ r .
However , b e t t e r  agreement  is o b t a i n e d  with the observed threshold energy
dens i ty  ( e s t i m a t e d  f rom Fig.  8 (L ) )  if the  absorpt ion depth is asstnne~i to
be about 3 ~~ r a t h e r  than the prev ious ly  assume d value 8 of 12 m
(see Appendix 2 ) .

3 . 2 . 3  impulse

The meao ~a r — - d  s pec i f i c  imp u l s e  versus  e~~~~~v de ns i ty  i s  sh owm
in Fi g.  8(b ) f o r  a beam s ize  of 40 mm~~. The impulse  h as  a f t r o~ho ld
of •~h o n t  60 k J / m 2 and i n o r e s o e s  with ~:ero- , density up to about  250 kJ /m 2
and then decreases.  The shape of the  s p e c i f i c - i m p u l s e  ~ur v ~ is in
reasonable agreement with the t heo re t i ca l  ana lys is  of A ppend ix 2 Lut in

~e rera l  the observed m a g n i t u d e  is somewhat less than h - t  p r e d i c t e d .

3.3 PERSPEX

The Perspex samples were  i r r a d i a t e d  by pu l ses  w i t h  e n €  r~ v densities
between 20 k i/ m 2 and 550 k J / m 2 , the d i r e c t ion  of the beam be ing  no rma l  to
the su r face . The beam area was var ied  but  most of the resul ts  we re
obtained wi th a beam area of 30 mm 2 . I m p u l s e  m e a s u r e m e n t s  were made and
the morphology of the damaged su r f aces  was examined by b ot h  op t i ca l  and
electron microscopy.

3 . 3 . 1  ° ; r i ~~o~~~~n

V-ioorisation commenced at ~n energy density 40 kJ /m 2 , i m p a r t i n g
an impulse  to the  t n r e et  and ~n r n u n g  a p l asma ab ove the s u r f a c e .  Micrograph s
of the s u r f a c e  (F ig .  9 is a ~~~ m i o r o g r a p h) showed a honeycomb—l ike structure
In which th~ holes appear to be due to the e j e c t i o n  of v o l a t i l e  m i t e r i a l  f rom
beneath the s u r f a c e .

H

~~~~~~~~~~ 
~~~~~ -~~~~~-~~~~~~~~~~-- ~~~~~~~~ J~-~i~~~~~i •_:~~~ — -
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Near the vaporisatian threshold fringe patterns were observed
• u sual ly  around a relatively undamaged central region. The interpretation

of these patterns was discussed in section 3.1.2 but it was not ascertained
whether the scatterihg was due to surface contamination or to material
embedded in the sample material .

The approximate depth of mater ia l  vaporised by a pulse was
determined by means of the optical microscope and t h i s  is  shown in Fig .  10(a)
as a function of energy density. The data near threshold are not
inconsistent with the value of latent heat of vaporisation quoted in the
literature ’4. However , the analysis of the th resho ld  energy dens ity in

• Appendix 2 indicates a value for the absorption depth of about 15 ~m rather
than the value of 30 tim obtained f rom d i rec t  absorpt ion  ~reasur orient s 15

•

The t ime development of the d amape  was ~~~~~ . t i~n~t ed  wi th  the
H e—N o i t ser  used as a probe as described in sec t ion  2 ( 0 )  except  t ha t  the
d i rect  beam was inc iden t  on the p h o t omu lt i p l i e r  ap e r t u r e  ~nd scat t er ing  by
the dira~ied reg ion thus  caused a reduc t ion  In si gnal . The p h ot u n t i lt i p l i e r
signal s~~• ; observed r-: decrease by the t ime the laser pulse r e a :Led  i t s
peas , and the sc at t e r i n g  w i s  compl et e  a f t e r  about  1 ~s. This  prompt
oLcurren ce  of damage demoasLrat~ d t h o r  vaporination was tbt~ dominant
damage F eehan i sm f o r  t h i s  mater ia l .

3 . 3 . 2  Impulse

iSo m easu r ed  spec~~f L c  impulse  versus  energy densi ty  is shown
in F I g .  10(b)  f a r  an i r r i ~~~1ted  a rea  of 30 nun 2 . The im p u l o ~ has a
t h r e s h o l d  at in energy  c..n tv f about  4(1 k J / m 2 , reaches a ru~~~~mnm v i~ ue
at e n e r gy  dens I~ ~es ar o u n d  i2 ~ — 1 5 O  k J / m ~ and then decreases fr r ener~ v
d e n s i t i e s  above iSO k J fm  . The d n - i i y s i s  in Appendix  2 of k r r r u i s e  p r o d u c t i o n
g ives ~;ood ag reement  oi  t~ ~

- • -
• o e  of tbe  observed :spe-~i(  i c — i  m r u i — e  curve .

P we or , the m a x i m u m  i r p ~~lse p r o d u c o  I is only about one— ~ L r : t i i  o f t O a t
expec ted;  tOOsOflS lot tris d i sc r ep  •n cy are d i s c u s :c d  in the Ap p e n d i x .

3.4 JRTRAN 1

The lrtran 1 s-m oles were i r r a d i a t e d  b y pu lses w it h energy
dens i t i e s  between 100 t - i / m ~ and 500 k J / m 2 . The beam was inc ident  normal
to the surface and irradiore l an area of 30 mm2.

The severity of the d ima~ e produced in the Irtran I sa:ufics was
general ly less than that in the c r o w n — g l a s s  samp les , a l t h o u g h  son s samples
f a i l ed  ca ta s t roph i ca l l y . There was considerable variabi lity from shot
to shot and , because of the limi ted number of samples ovatiable , the
invesitcation was not as thorough as those of the otie r materials.

Op t i ca l  ~~cros copy w i ~ s u f f i c i e n t  to  reveal Lao main features of
the d - m i i c k  produced . Above 100 KS Ini , d f i  on c r izi ng pattern was ~ b s e r v O d
on the s u r f a c e  ~ 1 ft m d  i v i d m 1  oo g rsnts having d ime nsions o~ appr oxima tel y
5 ~rn across . Thts mode of damage i: probably related t o  t i e  hulk properties
of the ml ter i ml and is in contrast to another mode of J a m o p o  that appeared
to be related to absorbing centres in the material . The presence of such

— -~ ~ -~~~~~~~~~~~~~~~~~~~ —_—~~~~~~~ • • —~~
• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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centres is not surprising since the material is produced by a sintering
process. It was observed that if a centre was within 75 

~nn of thesurface (i.e. comparable to the absorption depth 15 of 150 tim) a surface
crack was produced , and in some cases a complete chip broke off , probably
due to the stress produced by the rapid heating of the centre . The
development and breakaway of a chip sometimes occurred after several
laser pulses . A third mode of damage was observed on one sample that
had received three pulses of total (i.e. cumulative) energy density
of 500 kJ/m 2. Cracking perpendicular to and parallel to the surface
took place to give a mosaic appearance with individual p ieces about
70 tim across. Finally , after several more pulses the sample disintegrated .

• Photographic observations showed that many small pieces were ejected from
the central part of the surface , pres umab ly the pieces of the mosaic.

Comple te disintegration of some samples occurred due to the
development of three or four full—depth perpendicular cracks ex tending
across the full width of the samples . However , it must be emphasised

• that there was considerable variability in the behaviour of the samples .
Some samples did not develop cracks that resulted in disintegration.
One sample d isintegra ted a f t e r  5 pulses wi th a to tal energy dens i ty  of

• 1250 kJ/m2. Another sample disintegrated after 2 pulses of total  energy
densi ty 300 kJ /m 2, while another more opaque sample disin tegra ted af ter a
single pu lse of energy dens ity 180 kJ/ rn~

i . It is probable , although this
has not been demonstrated , that the full—depth perpendicular cracks also
or iginated from the absorbing inhomogene ities .

4. SUMMARY AND CONCLUSIONS

The damage to absorbing non—metals due to submicrosecond pulses
of 10.6-nan wavelength radiation was found to be thermal in origin and to
arise from the deposition of energy near the surface it  a depth that is
determined more by the absorption depth in the material than by thermal
diffusion.

The main damage mechanism for crown glass consists of the
heating of a thin surface layer to the softening temper ;mriiie , fc llowing

- 
• which a tensile Stress ~S developed on cooling that is proportional to the

coefficient of thermal expansion . Cracking and flaking of the surface
results where the stress exceeds the tensile strength of the glass .
The speed at which cracking took place was observed to be much higher than

• that at which flakes were formed. This observation was found to be
consistent with calculations that showed a large difference in the elastic
energy released in the two cases. The flakinp threshold for crown glass
witl 0.2—us pulses was observed to be about 10 kJ/m2 and the threshold for
localised c r a c k i n g  in the absence of f l a k i n g  was about  one—hal f of this value .

1

• - -m~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 ~~~~~~



Cracking and flaking could not be produced in fused silica,
presumably because of its low coefficient of thermal expansion.
Vaporisation was found to be the main damage mech~nism and this occurred
above a threshold energy density of about 60 kJ/m’. The significant
damage mechanism for perspex was also found to be vaporisation , the
threshold for which was .~ibout 40 kJ/m

2.

Irtran 1 was difficult to damage because of its greater
absorption depth . Minor cracking and chipping were produced apparently
by stress generated by absorption at isolated centres in the bulk of
the material. Complete failure due to the propagation of perpendicular

• cracks through the full depth of the sample occurred on occasions with
no obvious threshold . It is probable that these perpendicular cracks
were also Initiated at absorption centres .

The measured variation of specific impulse with energy
density for crown glass, fused silica and Perspex could be adequately
explained by the standard theory after making reasonable modifications
to allow for the effects of finite absorption depth . However , the
magnitude of the impulse could not be predicted reliably. The quantity
of material removed due to vaporisation of the above materials was also
in agreement with the modified theory , except in the case of crown glass.
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APPENDIX 1

CRACKING AND FLAKING

The basic mechanism for cracking and flake formation in
glass consists of hea t ing a surface layer t o a tempera tur e where
viscous flow relieves the trans ient compressive stress so that a
tensile stress appears on cooling . Cracking and flaking can occur

S if the stress exceeds the tensile strength of the glass. In the
flaking process the tip of a crack that is perpendicular to the
surface turns and propagates approximately parallel to the surface,
leading to the formation of a flake.

Threshold for  crack4~ &

Consider a laser pulse of duration t incident on a sample
with an absorption depth 6 , and a thermal diff~sivity K. The pulse
energy is absorbed so that

—ax
E = E  e .... 1.1

0

where E0 is the energy density at the surface

E is the energy density at a depth x

• a is the absorption coefficient ~5 1/a).

If 6 is large compared with 2 /(Kt ) then the conduction of heat into the
interior of the sample during th~ pulse may be ignored . In this
case the threshold for viscous flow may be derived by equating the

• energy absorbed in a thin surface layer to the energy required to bring
- • 

the layer to the softening temperature T8, leading to

E
th 

6 pc(T
5 

— T )  .... 1.2

where E
th 

is the incident energy density at threshold

p is the dens ity

c is the specific heat

T is the ambient temperature

Dugdale6 gives the maximum stress on cooling, o, as

Ycz’(T — T )
5 0 .... 1.31 — v
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where Y is Young ’s modulus

a ’ is the coefficient of linear expansion
v is Poisson ’ s r atio

If the stress exceeds the strength of the glass then cracking and
flaking will take place.

Crack P r opa g~at ion

A comparison of the speeds at which cracking and flaking
are expected to occur can be obtained from calculations of the decrease

¶ in elastic energy density associated with each case .

For cracking perpendicular to the surface, the energy released
in forming unit area of new surface , y~ , is given by

6

LIU
c

= 
. . . .  1.4

where ~U is the decrease in elastic energy per unit surface area on
cracking~ £ is the length of crack per unit area of the surface and
d is the depth of cracking. The nornialised decrease in elastic energy
per unit surface area, p, is defined6 as

c• p 
~~~

— 5
0

where U is the upper limit of the elastic energy per unit surface area
in the absence of cracking and is given by6

= 
(1-v) a 2 ....

0

where a is the thickness of the softened layer and the subscri pt “ o”
indicates the upper limit of a parameter.

In the case of cracking plus flaking , the energy released in
forming unit area of new surface , y~ , is given by6

MJ
f

= 
2(1 4- ~d) .. .. 1.7

where MJ f is the decrease in elastic energy per unit surface area on
flaking, f is the length of crack per unit area of the surface and

S 

- - - - - S  
:_ ~~~~~~Tx~ ’~~~~ --
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d is the flake thickness . The nornialised decrease in elastic energy
per uni t surface area , q,  is defined as6

AU
c = ~~~—

0

Comparison of theory and experiment

Table 1.1 lists the values of the relevant parameters for
crown glass and silica. Values of K , p ,  c , T , a ’ and v were taken

• 
S from Shand 13; values of 6 were taken from Cle~k

8; and values of Y
were taken from Dugdale6. The results of calculations based on these
values are given in Tables 1.2 and 1.3.

In the case of crown glass, Table 1.2 shows that the cracking
threshold calculated from equation 1.2 gives a result that is somewhat
less than the observed value. This is to be expected since the condition ,
5 >> 2V’(~ t ) ,  is only approxima tely satisfied in this material . The
maximum st~ ess produced on cooling was calculated from equation 1.3 and
Table 1.2 shows that this is considerably greater than the breaking
stress. Thus cracking would be expected to occur and this predicted
behaviour is in agreement with the observations .

Cracking was not observed in the case of fused silica and the
reason for this can be seen in Table 1.2 where the maximum stress, as
calculated from equation 1.3, is less than, or at least comparable to ,
the breaking stress. The low value of the stress is a consequence of
the small coefficient of thermal expansion In this material .

The parameters relevant to the processes of cracking and
flaking in crown glass are given in Table 1.3, in which a was taken as
the absorption depth , d was taken as the average flake thickness and
was estimated from the film records in the case of cracking and from

the average flake area in the case of flaking. Equation 1.6 was used
- S to calculate U0, and p and q were estimated from equations iS and 12

of Dugdale6 respectively . The values of 1c and Y f were then calculated- - from equations 1.4 and 1.7 respectively.

For the case of perpendicular cracking ‘y, 110 J/m 2 which
t is well above the value of 10 J/m 2 which Dugdale6 states is necessary

f or rap id crack propagation. On the other hand , the low value of
Yf 

(~ 1 J/m 2) indicates that flaking would be expected to proceed
much more slowly than perpendicular cracking . Although the value of
Y ç is not strongly dependent on flake size it will increase as the flake
size increases. Hence larger flakes might be expected to form faster
than smaller flakes.

The film observations are in quallt-’tive agreement with the
above predictions . Perpendicular cracking ~~is observed to take place
at speeds greater than those that could be resolved by the camera
(10 m/s) and was then followed by flaking at a much slower speed.

• It was also observed that the regions that broKe into flakes early in •

the process formed larger flakes than the regions that broke into flakes
S later. -

~

~~~~~~~~~ ~~~~~—rn~~~~ ~~~~~~~~~~~~~~~~
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TABLE 1.1

PARAMETERS FOR CROWN CLASS AND SILICA

parameter K 6

~~~~~~~~~~~~~~~~~~~~ 
U1~ 5~~~ m kg m 3 3 kg 1 

K ’

crown glass 0.1 x io _6 
1.0 x io

_6 
2.5 x IO~ 1.2 x

silica 0.9 x io
_6 

1.2 x 10~~ 2.2 x 1O
3 

1.2 x 1O
3

Pa 
V

crown glass 1020 7 x 1010 
8.0 x io 6 0 .20

silica 1950 7 x 10
10 

5.5 x iO~~ 0.17

~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~ -~~—~~~• — ~ ~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~
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TABLE 1.2

CRACKING TURESHOLD S FOR CROWN GLASS AND SILICA

~~~~~~~parameter Threshold Stress

materI� —.~~~ Pred icted Observed Predicted Breaking

~~~~~~~~~ 

kJ m 2 
kJ m

2 Pa Pa

crown glass 2.2 5.0 5.1 x io8 1 x io8

silica — — 7.7 x 1O~ 1 x 10~

TABLE 1.3

CRACKING AND FLAKING IN CROWN GLASS

cracking 1 x io 6 1 x 1O3 7.5 x io 6 4.0 0.4 1.1 x io 2

flaking 1 x io
_6 

2 x 1O4 7.5 x io 6 4.0 0.5 0.9

~~~~~~~~~~~~~~~~~~~~~~~ -~~~L-~~~~ - • -
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APP ENDIX 2

VAPORISATION AND UIPULSE PRODUCTI ON 
-

Once the vaporisatio n threshold for the sample is exceeded
a pressure Is exerted on the target — the reaction to the action of the
vaporised material in leaving the sample surface in the form of a plasma .
The specific impulse (impulse per unit incident energy) increases with
increasing energy density until the absorption of the Incident beam in the
ionised plasma becomes so strong that an LSD wave is formed. Now pressure
is exerted on the target by the expansion of the LSD wave against the target .
The specific impulse then decreases as the energy density increases. These
trends can be seen in the data in Figs. 5b, 8b and lOb .

Threshold f or Vaporisation

The energy per unit area at the threshold of vaporisation , Eth,
f or the conditions assumed in Appendix 1, is given by

E
th 

6 p (L + cAT ) . ... 2.1

where 6 is the absorption depth

p is the sample density

L is the latent heat of vaporisation
V
c is the specific heat

AT is the difference between the vaporisation
V temperature , T

~
, and the ambient temperature , T0.

S 
Specific Impulse — Vaporisation Region

A precise calculation of the specific impulse curve requires
a knowledge of the vapour pressure of the sample as a function of
temperature. Although such information is available for silicaU, the

• corresponding information could not be located for a multi—component glass
such as crown glass. Instead , the simpler formulation used by SchrieTnp f’°to calculate the specific impulse for metal targets has been adopted . The
Schriempf model assumes that all of the energy is deposited at the surface
and that the temperature distribution in the material is controlled by the
therual diffusion. In cases where there is a finite absorption depth
the energy is deposited in a finite volume and , provided that the thermal
diffusion length during the pulse time is less than the absorption depth ,
a similar temperature distribution , controlled by the absorption coefficient
rather than by the thermal diffusivity of the material , will be set up.



The impulse per unit area, I, is the force per unit area,
P, multiplied by the time over which it acts.

I = P( t  — tb ) 
- 

... 2 . 2

where t~, is the duration of the pulse and tb represents a threshold
which Schriemp f equates to the time taken to raise the temperature of
the surface to the vaporisation point . If it is assumed that the power
density is constant, the impulse at energy density E may be expressed as

I = Pt~ ( 1 — E
th

/E) .... 2.3

It can then be shown that  the speci fic  impulse due to vaporisat ion is
given by ’°

I — ~~c~ T r E- 

— 

V

V T L  +cAT I L E ... . 2.4
V V

or

K 1 [1 
E
th] ... . 2 .4a

where Eth is given by equation 2.1, and K 1 
is the specific impulse

S constant  in the vaporisat ion region.

Speci f ic  Impulse — LSD Wave Region

Schr iempf ’° calcula tes the specific irr p~i1 se in the LSD wr~ve
region as

2 
2/

R p

2/3
2R t E .... 2.5

or 
/

I K2 E .... 2.5a
E 

S

..S-_ ---•
~ 
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where R
5 is the e f fec t ive sample radius

R is the laser beam radius
p is the air density

t is the pulse width
E is the incident energy density

K2 
is the specific impulse constant in the
LSD wav e region

Comparison of Theory and Experiment

The relevant parameters, and their sources , for crown glass,
silica and Perspex are shown in Table 2.1.  Values of L

~ 
and T

~ 
for

crown glass could not be found in the literature . L
~ 

may be est imated
from the slope , near threshold , of the ab la t ion  depth  versus energy
density curve . From the rather scattered data of Fig. Sa L

~ 
was

estimated to be in the range 10—60 NJ/kg . T
~ 
was taken to be the same

as for silica. It should be noted that in predicting Eth, uncer tainties
in L

~ are more important than uncertainties in Tv.

Thw ~ hoW,

The parameters in Table 2.1 were substituted into equation
2.1 to predict the vaporisation thresholds given in Table 2.2. The
agreement with the observed vaporisation thresholds is not good . For
crown glass the value of L

~ estimated from Fig. 5a is much higher thanthe values of L
~ encountered for most materials. However , if L~ 

is
taken to be the same as for silica (viz. 6.0 NJ/kg), the predicted
threshold (25 kJ/m2) is much closer to the observed threshold (20 kJ/m 2) .
The tabulated values of L

~ 
for silica and Perspex are consistent with the

data in Figs . 8(a) and 10(a). As the values for  p ,  c and T
~ 

should be
reliable , this suggests that the differences between the predictions and
the observations are due to values of the absorption depth , 6 , used .
For silica agreement would be obtaine d if 6 = 3 im r a the r  t h a n  12 ~rn .
This is a large difference , but as the 1O. 6—~in wavelength lies on the
tail of the Si—O absorption band , absorption da ta may not be very accurate .
For Perspex agreement would be obtained if 6 = 15 ~m rather than 30 im.

.
. •

~~ spac~i~~c 1mpuL~e. 
- Vap o ~a-t- 4on R~~~~vt

Table 2.2 lists predicted and observed values of the specific

- - impulse constant , K 1, in the vaporisation region. The predicted values
are higher than the observed values b y a f ac to r  of 2 f o r  crown glass , a
factor of 3 for silica and a factor of 10 for Perspex. In the case of S
silica , vapour pressure data 1’ was used to make a more accurate calculation
of the impulse.  However , the resu l t  v— i s s imi la r  to that obtained from the
simp ler Schriemp f model .  rt is c:~n’~rted that at least part of the
discrepancy between the predicted and the observed values of K 1 would be
due to the reduction in the effective pulse duration as the latter part
of the pulse is absorbed by the plasma in front of the sample . This is
expected to he particularl y relevant in the case of Perspex where a
comparatively large amount of ma terial is vaporised .

-- — - - - ----:- 
~~~~~~~~~~~~~~~~ •~ - S~~
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The solid curves in Figs. 5b, 8b and lOb were obtained from
equation 2.4 by substitution of the observed values of the threshold
and the spee.if Ic impulse constant , rather than the predicted values .
It is apparent that the experimental results are well represented by
these curves.

Spe c~~~c 1rnp uL~~ - LSV CUave. Reg~Lon

Schriemp f1° gives the condition for the formation of an LSD
wave as -~~~

‘ < R where ~~‘ is the absorption length in the plasma and R
is the beam radius . The electron density in the laser—induced plasma
is expected to be about 1024 electrons/rn3 16, the temperature about
30 000 K 3.2 and the pressure in the shock wave about i06 Pa’6. For
these parameters, the standard expression for the absorption length5
gives a value that is less than R.

Figs. 5b, 8b and lOb show the experimental data on specific
impulse as a function of energy density. The dashed curves have the
energy dependence of equation 2.5a and the magnitude has been adjusted
to give a good fit to the experimental data. Table 2.2 gives the
predicted values (defined by equations 2 .5  and 2 .5a)  and the observed
values (derived from the dashed curves) of the specific i’~pulse
constant in the LSD wave region , K 9. For crown glass and for  silica
the agreement between the predictea  and observed values is good
(within  30Z) , ~.hereas for  Perspex the observed spec i f ic  impulse
constant is a f&:tor of two smaller than the predicted value . Thus
the shape and the magnitude , of the specific impulse versus energy
density curve in the LSD wave region, can be predicted reasonably well.

~~~T 
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FIG. 2 — SliM micrographs of damage to crown glass . 2(a) shows a flake t h a t
has lifted ~wov from the s u b s t r a t e .  2 ( b )  Uhows r egu la r  shaped
f lakes  a t the ed ge of a damaged r o g i o n . ~(c) was taken after two

S pulses were inciden t on t 1 !o S - l I C k ’ r - -i , 9h0wing H i t  the first set
of flakes has part lv coale sced  and t h a t  a second set of f l a k e s  has
fanned.
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FIG. 3 — Optical Tnicr gr .-Cp h - ( 1  damage to crown glass. 3 (a) shows cracking
.1 , 1 ( 1 f l a k ing over la id  by ‘ or an g o —p e e i ” . Not ~ the two long cracks
that divide the area i nto  three independen t reg ions as fa r  as the
flaking is ~eneorncd. 3(b) shows an elliptical fringe pattern
o v e r l a y i n g  the  f l akes .  The beam was inciden t from the ri gh t hand
side at an angle of ‘C 5

0 
to the surface. Note also that there is

very litt le “orange—peel” .
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subsequent flaking is concerned. The energy densi ty was 80 kJfm2.
( M a g n i f i c a t i o n  Y4).
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FIG. 5 — Ablation and specific impulse for crown glass.
5(a) — Average ablation depth versus energy density . The strai ght

line represen ts L
~ 

= 20 MJ/k g.
5(b) — Specific impulse ( l I E )  versus energy density. The rising

S por tion of the curve corresponds to the vaporisa ti on reg ion
and the falling portion to the LSD wave region . The curves
a re theo re t i c a l  — see Appendix 2.
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FIG. 6 — Reflectance of 1O.6—iim radiation from crown glass af ter one
and two pulses versus energy density . Reflectance was
measured by the peak vol tage from the pho ton drag detector.
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FIG. 7 — Op tical m icrograp hs of damage to fused silica. (a) After a single
pulse the surface is uneven due to residual fringe patterns and S

par tial shielding of cer tain nre -C s. (b) After 5 pulses the surface
Is much rougher.
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FIG. 8 — Abla t i on and specific impulse for fused silica.
• 8(a) — Abl at ion dep th ver sus energy density. The straigh t line

represents L = 6 MJIkg.

8(h) — Speci fIc impulse versus energy density (beam area 40 mm2).
The rising portion of the curve corresponds to the
vaporisa ti on region and the falling portion to the LSD wave
region . The curves are theoretical — see Appendix 2.
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FIG. 9 — SEN micr ’ - r.~ ~IS of damage to Perspi- x , ~howing the same sample at
differen t magnifications . Note the ionev comh—l ike structure .
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FIG. 10 — Ablation and specif ic  impulse ( I / l i )  I C r  Perspex.
1 0(a)  — Ablat ion depth versus energy density . The ~ t r - i i . -

~
- t line

S represents L = 1.4 MJ/kg.

1.0(b) — S p e c i f i c  Impulse versus eqer~ \ density (beam area ~ ( mm2).
The rising portion of the curve corresponds to the
vaporisatlon region and the falling por~Ion corresponds
te the LSD wave region. The curves are theoretical —

see Appendix 2.
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